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Abstract
We report an analytical procedure of gas chromatography / mass spectrometry (GC / MS) focusing on chromato-
graphic enantiomer separations and the corresponding mass spectra. We used N-pivaloyl isobutyl esters of amino 
acids to show the summary of retention time and those of mass fragmentation patters. To avoid matrix effect from 
biogeochemical samples, we optimized the entire experimental flow showing an optional wet chemical treatment 
for the purification of amino acids. We separated both of protein and non-protein type amino acids derived from the 
samples, including prokaryotic soft-tissues, freshwater / marine biological hard-tissues, and a deep-sea serpentine 
sample. Present derivatization procedures of amino acids as pivaloyl / isobutyl esters can be switchable on the diaste-
reomers with the use of S-(+)-2-butyl esters or R-(-)-2-butyl esters. The present method will be applied into a further 
description of enantiomer-specific isotopic composition of individual amino acid.
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ある（例えば，Cronin and Chang, 1993; Palyi et al., 
1999; Ehrenfreund and Charnley, 2000; Meierhenrich, 
2008: Ohkouchi and Takano, 2014）。
GC / MSによるアミノ酸の分析手順は，（1） 試料





例えば，GilAv et al., 1966；Stolting and Konig, 1976）
をはじめ，トリフルオロアシル／イソブチルエス
テル化（TFA / iBu：例えば，Kvenvolden et al., 1970），
エトキシカルボニル／エチルエステル化（EtOC / Et：
例えば，Montigon et al., 2001），tert-ブチルジメチ
ルシリル化（t-BDMS：例えば，MacKenzie et al., 
1987），ペンタフルオロアシル／イソプロピルエ
ステル化（PFA / iPr：例えば，Pelz et al., 1998），ピ
バロイル／イソプロピルエステル化（Pv / iPr：例え
ば，Metges et al., 1996），ピバロイル／ノルマルプ
















































（Bassez et al., 2009）。アミノ酸の同定は，標準試料






カン粉体試料 1 mg，生物の甲殻試料 1 – 5 mg，岩







アミノ酸（ピバロイル／イソブチルエステル誘導体）の GC / MSによる解析
－3－
脂した後，メタノールを加え窒素ガス気流下で乾















Figure 1 Samples 




Amino acid / iso-butyl esters 
Pivaloyl / amino acid / iso-butyl esters 
Acid hydrolysis (6M HCl, 110˚C, 12 h) 
*Filtrated (elimination of solid precipitates) 
Defatted (DCM/n-hexane, 6:5, v/v) by liquid-liquid extraction (x3) 
Added 3mL of methanol and dried up by N2 flow (< 100oC) 
* Isolation of individual AA by ion-pair chromatography [Ref. 2] 
Esterified (1 mL of thionyl chloride / iso-butanol, 1:4, v/v, 110oC for 2 hr) 
Dried up by N2 stream 
Added 0.5 mL of DCM and dried up by N2 stream (x2) 
Acylated (1 mL of pivaloyl chloride / DCM, 1:1, v/v, 110oC for 2 hr) 
Dried up by gentle N2 flow, added 0.5 mL of DCM and dried up by gentle N2 flow  
Added 1 mL of distilled water and extracted with DCM/n-hexane (6:5, v/v, 2mL) (x3) 
GC separation and compound-specific detection [Ref. 5] 
Fig. 1.  Experimental flow and derivatization procedures of amino acids as pivaloyl / isobutyl esters (cf. 
pivaloyl / isopropyl esters, Metges et al., 1996; Ref.4, Chikaraishi et al., 2010). The alternate 
detectors are flame ionization detector (FID) and nitrogen-phosphorus detector (NPD) in prior 
to isotope ratio mass spectrometer (IRMS). The asterisk [*] stands for an optional process. Ref. 
1 is for Takano et al. (2010a); the cation-exchange ion chromatography is for the purification of 
amino acid to avoid matrix effect during the esterification and acylation. Ref. 2 is for Takano et al. 
(2015); the preparative isolation of underivatized amino acids for targeting analysis by ion-pair high 
performance liquid chromatography. Note that a comparative study of GC separation using polar 
and apolar stationary phases was performed with some capillary columns of Chirasil-Val (50 m x 
0.32 mm i.d., 0.20 μm film thickness, Alltech Associates Inc.), DB-23 (30 m x 0.32 mm i.d., 0.25 μm, 
Agilent Technologies), DB-35 (30 m x 0.32 mm i.d.,, 0.50 μm, Agilent Technologies), NDB-FFAP 
(30 m x 0.32 mm i.d.,, 0.25 μm, Agilent Technologies), HP-1MS (30 m x 0.32 mm i.d.,, 1.0 μm, 
Agilent Technologies), HP-Chiral-20β (30 m x 0.32 mm i.d.,, 0.25 μm, Agilent Technologies), 
HP-INNOWAX (30 m x 0.32 mm i.d., 0.50 μm, Agilent Technologies) (Chikaraishi et al., 2010).








を行った（Takano et al., 2009）。液相塩酸と気相塩
酸を用いた加水分解によるアミノ酸のラセミ化と
その補正については，既報に解説されている（例
えば，Kaiser and Benner, 2005）。










ガス（He）は，1.4 mL / 分の定速流モード（constant 
flow）で行った。質量分析は，電子衝撃法（70 eV）
でイオン化し，m / z 40 – 550の質量範囲で測定し
た。試料の導入量は，GC / IRMS法での計測（評価
量レンジ：> 1 – 10 nmolの分析スケール）を念頭に
試料の調整を行った（Chikaraishi et al., 2010）。ア
ミノ酸の定量を行う場合，flame ionization detector 
（FID）や nitrogen–phosphorus detector （NPD） 検出
器を用いる方が，より定量的な議論が可能となる
（Chikaraishi et al., 2015）。既報の分析手順の詳細
（Chikaraishi et al., 2010; Takano et al., 2010a, 2010b）
も併せて参照されたい。
Fig. 2.  Reaction pathway and switching procedure of diastereomeric (R, S)-amino acid derivatives using (R)-(–)- or 
(S)-(+)-2-butanol and pivaloyl chloride for esterification and acylation, respectively (Takano et al., 2009).
1) Esterification by (R)-(-)-2-butanol 
2) Acylation by pivaloyl chloride 
1) Esterification by (S)-(+)-2-butanol 
2) Acylation by pivaloyl chloride 
* chiral center 
Course of 
(RR, RS) 
Course of  
(SR, SS) 
Enantiomers (derivatization) Diastereomers 
(R,S)-amino acid 
= D,L-amino acid 
N-Piv-(R)-2-Bu esters of (R,S)-AA 
* chiral center 
N-Piv-(S)-2-Bu esters of (R,S)-AA 
Figure 2 


























が 243であり，［M-73］+，［M-101］+に対応する m / z 
170，m / z 142，ピバロイル基と tert-ブチル基（お
よびイソブチル基も一部含む）に対応するm / z 85，
















(b) Enterococcus faecalis 











































































































































Fig. 3.  Total ion chromatograms (TIC) of amino acid as pivaloyl / S-(+)-2-butyl esters from bacterial peptidoglycan 
tissues in (a) Staphylococcus staphylolyticus and (b) Enterococcus faecalis (cf. separation by DB-23 column as 
shown in Appendix). Abbreviations with the D-, L- forms: Alanine, Ala; Glycine, Gly; Valine, Val; Leucine, Leu; 
Isoleucine, Ile; Proline, Pro; Threonine, Thr; Serine, Ser; Methionine, Met; Aspartic acid, Asp; Phenylalanine, 
Phe; Glutamic acid, Glu; Lysine, Lys; Tyrosine, Tyr. 





に対応する m / z 270，m / z 242，ピバロイル基と tert-





に対応する m / z 232，m / z 204，ピバロイル基と tert-























ば，Wientjes et al., 1991; Park and Uehara, 2008）。
大西洋中央海嶺より採取された蛇紋岩試料から
Figure 4 
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m/z 57 (C4H9) 
m/z 85 (C5O1H9) 
m/z 170 (C9N1O2H16) 















Fig. 4.  (a) GC separation of D- and L- α-aminobutyric acid (D-, L-α-ABA) and (b) mass 
spectra pattern as pivaloyl/ S-(+)-2-butyl ester derivative. The mass fragmentation of 
[M-101]+, [M-73]+, ions from pivaloyl [85]+ and 2-butyl [57]+ are shown. 
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Fig. 5. (a) (1/4)
Fig. 5.  Mass spectra of amino acids as pivaloyl/ S-(+)-2-butyl ester derivatives with the note 
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Chemical Formula: C15H29NO3 
Exact Mass: 271.21 
Molecular Weight: 271.40 
Chemical Formula: C14H27NO3 
Exact Mass: 257.20 
Molecular Weight: 257.37 
Chemical Formula: C11H21NO3 
Exact Mass: 215.15 
Molecular Weight: 215.29 
Chemical Formula: C12H23NO3 
Exact Mass: 229.17 













(a) Protein AAs 




40 80 120 160 200 240 280 320 360 400 
170 57 
85 41 
102 198 141 
271 













270 242 215 
197 299 




228 256 144 188 172 
329 286 
m/z 
Chemical Formula: C17H31NO5 
Exact Mass: 329.22 
Molecular Weight: 329.43 
Chemical Formula: C18H33NO5 
Exact Mass: 343.24 
Molecular Weight: 343.46 
Chemical Formula: C14H25NO3 
Exact Mass: 255.18 
Molecular Weight: 255.35 
Chemical Formula: C15H29NO3 
Exact Mass: 271.21 
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Chemical Formula: C18H33NO5 
Exact Mass: 343.24 
Molecular Weight: 343.46 
Chemical Formula: C18H27NO3 
Exact Mass: 305.20 
Molecular Weight: 305.41 
Chemical Formula: C17H31NO5 
Exact Mass: 329.22 



















Chemical Formula: C14H27NO3S 
Exact Mass: 289.17 









高野 淑識・力石 嘉人・大河内 直彦
－10－
Tyr 










Chemical Formula: C23H35NO5 
Exact Mass: 405.25 















Chemical Formula: C20H38N2O4 
Exact Mass: 370.28 
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(b) Non-protein AAs 








Chemical Formula: C12H23NO3 
Exact Mass: 229.17 









41 102 170 
243 
Chemical Formula: C13H25NO3 
Exact Mass: 243.18 













Chemical Formula: C12H23NO3 
Exact Mass: 229.17 










243 154 Chemical Formula: C13H25NO3 
Exact Mass: 243.18 
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γ-ABA 
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186 243 Chemical Formula: C13H25NO3 
Exact Mass: 243.18 
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152 57 
85 




Chemical Formula: C19H33NO5 
Exact Mass: 355.24 










41 116 144 
357 
85 Chemical Formula: C19H35NO5 
Exact Mass: 357.25 
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Table 1.  Summary of retention time and prominent fragment ions for pivaloyl/ S-(+)-2-butyl esters of L-amino acid. 
All compounds are identified by GC retention time and mass spectra with those of standards.
Elution order Abbreviation Formula





L-Alanine Ala C3H7NO2 89 229 18.1 156, 128, 85, 57
Glycine Gly C2H5NO2 75 215 18.7 143, 114, 85, 57
L-Valine Val C5H11NO2 117 257 20.6 184, 156, 85, 57
L-Leucine Leu C6H13NO2 131 271 21.9 198, 170, 85, 57
L-Isoleucine Ile C6H13NO2 131 271 22.4 198, 170, 85, 57
L-Proline Pro C5H9NO2 115 255 24.4 182, 154, 85, 57
L-Threonine Thr C4H9NO3 119 343 26.5 270, 242, 85, 57
L-Serine Ser C3H7NO3 105 329 27.1 256, 228, 85, 57
L-Methionine Met C5H11NO2S 149 289 27.4 204, 188, 85, 57
L-Aspartic acid Asp C4H7NO4 133 329 28.2 256, 228, 85, 57
L-Phenylalanine Phe C9H11NO2 165 305 29.7 232, 204, 85, 57
L-Glutamic acid Glu C5H9NO4 147 343 30.7 270, 242, 85, 57
L-Lysine Lys C6H14N2O2 146 370 37.4 285, 269, 57
L-Tyrosine Tyr C9H11NO3 181 405 39.4 332, 304, 85, 57
Non-protein type
Sarcosine Sar C3H7NO2 89 229 17.8 156, 128
L-α-Aminobutyric acid α-ABA C4H9NO2 103 243 19.7 170, 142, 85, 57
β-Alanine β-Ala C3H7NO2 89 229 20.2 156, 57
L-β-Aminoisobutyric acid β-AiBA C4H9NO2 103 243 20.8 170, 85, 57
γ-Aminobutyric acid γ-ABA C4H9NO2 103 243 23.4 158, 57
L-Hydroxyproline Hyp C5H9NO3 131 355 31.8 282, 85, 57
L-α-Aminoadipic acid α-AAA C6H11NO4 161 357 32.4 284, 256, 85, 57
Fig. 6.  Separation of D-alanine and L-alanine (EIC, m / z 128) in biological hard-tissue samples from terrestrial 
fresh-water environments for (a) Atyidae; Caridina multidentata, (b) Black tiger prawn; Penaeus monodon, 
and marine environments (c) Grapsoidea; Plagusia dentipes, (d) Tubeworm; Lamellibrachia.
Figure 6 
























































Crustacea in terrestrial environment  Crustacea & Polychaeta in marine environment 
(b) Penaeus monodon  
Figure 6 
























































Crustacea in terrestrial environment  Crustacea & Polychaeta in marine environment 
(b) Penaeus monodon  



















































D-,L-amino acids from extracted from  
the Ashadze serpentinized peridotite 
Racemic standard mixture 
D/L = 1.000 ± 0.002 (n = 5) 
Natural abundance in Ashadze  
D/L = 0.15 (mean) 
(c) D/L ratios of AAs 
Fig. 7.  (a) Separation of alanine and glycine by N-Pivaloyl isopropylesters and (b) D-alanine, L-alanine 
and glycine by N-Pivaloyl S-(+)-2-butyl esters in the deep-sea serpentine sample at Atlantic ocean 
(cf. Bassez et al., 2009).(c) D / L amino acid ratios in the analysed Ashadze peridotite rock with 
the comparison of racemic α-alanine standard (Bassez et al., 2009).











（Chikaraishi et al, 2010: Appendix）。さらに，ガスク
ロマトグラフィーによるベースライン分離ができ
ない場合は，液体クロマトグラフィー／ガスクロ
マトグラフィ （ーLC x GC法，もしくは，LC-GC
法：Takano et al., 2015）や 2次元ガスクロマトグラ
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Appendix (1) 
Isobutyl ester n-propyl ester 
Isopropyl ester ethyl ester 
Representative esterification of carboxylic group in amino acids 
* chiral center 
Separation of D-, L-Glu and D-, L-Phe by DB-23 (30 m x 0.32 mm i.d., 0.25 μm, Agilent Technologies). 
32.0 32.5 33.0 33.5 34.0 34.5 35.0 35.5 
EIC (m/z 204.0) 
32.0 32.5 33.0 33.5 34.0 34.5 35.0 35.5 


















Appendix 1.  Representative esterification of carboxylic group in 
amino acids
Appendix 2.  Separation of D-, L-Glu and D-, L-Phe 
by DB-23 (30 m x 0.32 mm i.d., 0.25 μm, 
Agilent Technologies).
